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A B S T R A C T   
Understanding the changes in milk at a nanostructural level during high-pressure (HP) treatment can provide 
new insights to improve the safety and functionality of dairy products. In this study, modifications of milk 
nanostructure during HP were studied in situ by small-angle X-ray scattering (SAXS). Skimmed milk was pres-
surized to 200 or 400 MPa at 25, 40 or 60 ◦C and held for 5 or 10 min, and the effect of single- and double-HP 
treatment was also investigated. In most cases, the SAXS patterns of skimmed milk are well fitted with a three- 
population model: a low-q micellar feature reflecting the overall micelle size (~0.002 Å− 1), a small casein cluster 
contribution at intermediate-q (around 0.01 Å− 1) and a high-q (0.08–0.1 Å− 1) population of milk protein in-
homogeneities. However, at 60 ◦C a scattering feature of colloidal calcium phosphate (CCP) which is normally 
only seen with neutron scattering, was observed at 0.035 Å− 1. By varying the pressure, temperature, holding and 
depressurization times, as well as performing cycled pressure treatment, we followed the dynamic structural 
changes in the skimmed milk protein structure at different length scales, which depending on the processing 
conditions, were irreversible or reversible within the timescales investigated. Pressure and temperature of the HP 
process have major effects, not only on size of casein micelles, but also on “protein inhomogeneities” within their 
internal structure. Under HP, increasing processing time at 200 MPa induced re-association of the micelles, 
however, the changes in the internal structure were more pressure-dependent than time dependent.   
1. Introduction 
Milk is a water-based complex fluid having characteristic structures 
at different length-scales (Peyronel, Marangoni, & Pink, 2020). The 
continuous phase in milk consists of whey proteins, carbohydrates and 
soluble ions, where the fat globules (Lopez et al., 2011), and the casein 
micelles are dispersed (Dalgleish & Corredig, 2012). In skimmed milk, 
the colloidal globular micelles of casein are the predominant compo-
nent, and its structure contributes to the major physicochemical and 
organoleptic properties of milk, such as the color, texture and mouthfeel 
(Boukria et al., 2020). Although the structure of casein micelles has been 
studied extensively, the exact model for its fine structure assembly and 
especially their changes during processing is still elusive (Walstra, 1999; 
Ingham et al., 2016; Day, Raynes, Leis, Liu, & Williams, 2017). 
Todaýs consumers are demanding nutritious and fresh-like foods, 
and in this respect non-thermal processing technologies, such as high- 
pressure (HP) have shown to provide significant advantages e.g. less 
nutritional and flavour losses, while also providing more sustainable 
products due to the extension of their shelf-life. However, the pressure 
required to produce milk with suitable microbial quality has been shown 
to cause modifications in milk proteins and sensory attributes (Liu, 
Carøe, Qin, Munk, Crafack, Petersen & Ahrné, 2020). In the past de-
cades, the effects of HP processing on milk components have been 
thoroughly studied and reviewed (Huppertz, Kelly, & Fox, 2002; Hup-
pertz, Fox, de Kruif, & Kelly, 2006; López-Fandiño, 2006; Trujillo, Ca-
pellas, Saldo, Gervilla, & Guamis, 2002; Voigt, Kelly, & Huppertz, 2015) 
showing major modifications on the two major milk proteins, β-lacto-
globulin (β-Lg) and caseins. HP processing of milk induces dissociation 
of casein micelles, as a consequence of increased solubility of colloidal 
calcium phosphate (CCP) with pressure, as well as unfolding and loss of 
secondary structure of β-Lg, exposing free thiol groups which promotes 
oligomerization and aggregation with other proteins. Depending on the 
applied HP conditions, some of these changes are reversible once the 
pressure is released (Olsen & Orlien, 2016), but limited knowledge is 
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available at a nanostructural level, which is the focus of the current 
work. 
Small-angle X-ray scattering (SAXS) is a non-disruptive technique 
able to probe milk in its intact state and it allows the combination of 
scattering and in situ HP to investigate the milk micelle structure in real 
time (Yang, Gu, Banjar, Li, & Hemar, 2018). It was shown previously 
(Mata, Udabage, & Gilbert, 2011; de Kruif, 2014; Ingham et al., 2016, 
Smith, Brok, Christiansen, & Ahrné, 2020) that SAXS and ultra-SAXS can 
be used to investigate nano- and micron-sized structures in complex 
dairy matrixes. Milk scattering is complicated and has been a matter of 
controversy regarding the interpretation of the scattering data for de-
cades. The scattering feature at intermediate-q (around 0.01 Å− 1), only 
observed in some samples, has been attributed to a variety of structures. 
Some researchers consider it to represent a separate population of 
scatterers such as “mini-micelles” in solution (Müller-Buschbaum, 
Gebhardt, Roth, Metwalli, & Doster, 2007), while others considered it to 
represent the internal structure of the casein micelle, consisting of 
“incompressible regions” of casein clusters (Ingham et al., 2016; Bou-
choux, Gesan-Guiziou, Pérez, & Cabane, 2010) or “submicelles” (Yang 
et al., 2018). The high-q (0.08–0.1 Å− 1) feature is commonly thought to 
be attributed to the form factor scattering from colloidal calcium 
phosphate (CCP) (Marchin, Putaux, Pignon, & Léonil, 2007; Mata et al., 
2011; Yang et al., 2018). However, de Kruif et al. (2014) reported that 
CCP scattering was several orders of magnitude lower in intensity than 
protein scattering and was therefore unlikely to be observable under a 
typical SAXS setup. They suggested that the high-q feature is related to 
protein inhomogeneities. Ingham et al. (2016) confirmed the conclu-
sions made by de Kruif et al. (2014) and reported that the CCP scattering 
feature is at q ~ 0.035 Å− 1 using resonant soft X-ray scattering (RSoXS). 
The SAXS feature at high-q (0.08–0.1 Å− 1) mainly arises from the 
structure factor of proteins and the CCP scattering makes up less than 
20% of the total intensity. Recently, Singh, Hemar, Gilbert, Wu, and 
Yang (2020) found that changing the substructure of caseins upon cross- 
linking with genipin, but not changing CCP levels also leads to a less 
prominent shoulder at q = 0.08 Å− 1. They also supported the normally 
observed high-q feature as arising from the structure factor of proteins. 
Previously, Yang et al. (2018) used in situ synchrotron SAXS to study 
skim milk structural changes by applying a continuous and gradual 
increased HP from 160 to 960 MPa step by step (after a pressure holding 
for about 12 min) and reported disruption of the casein micelles into 
“submicelles” with increasing HP that partially reversed after pressure 
release. The study demonstrated the potential use of synchrotron SAXS 
coupled with HP to examine in situ and in real time the structural evo-
lution of milk under pressure. However, they did not analyze the data 
with any underlying structural model as we present here. Additionally, 
the pressure-induced changes on caseins and their recovery depend not 
only on pressure but on the combined effects of pressure, time and 
temperature applied (Gaucheron et al., 1997, Olsen & Orlien, 2016), as 
well as the frequency of the HP treatments (Yang et al., 2020). 
Depressurisation rate may have an effect but it is more difficult to 
control with most of the equipment available. In the context of HP 
processing of milk, multiple HP cycles have shown positive effects on 
microbial inactivation (Cornell, 2017; Hu et al., 2015; 2017) with 
limited effect on caseins (Yang et al., 2020). Therefore, we hypothesize 
that cycled HP treatments have effects on the milk colloidal structure 
dynamics, which needs further investigation to support the development 
of new processes and equipment. 
Here we investigated the skimmed milk structure dynamics during 
HP treatment using a more advanced in situ pressure cell and synchro-
tron SAXS (Brooks et al., 2010). The irreversibility of time-dependent 
nanostructural changes resulting from HP application to skimmed 
milk at 200 and 400 MPa at 25, 40 and 60 ◦C, including repeated cycles 
were studied here for the first time. Such a comprehensive investigation 
of the effect of different HP processing conditions on the milk nano-
structure in skimmed milk will extend the present understanding of HP 
effects on milk properties and how HP modifies the milk structure, 
which is valuable to explore the intrinsic properties of milk for the 
development of new dairy products. 
2. Materials and methods 
2.1. Materials and sample preparation 
Fresh bovine raw milk was obtained from a Danish local organic farm 
(Mannerup Møllegård, Osted, Denmark) and was skimmed on the same 
day at ~ 45 ◦C on a Milky FJ 130 ERR separator containing 21 discs 
(Janschitz GmbH, Althofen, Austria). Milk samples were transported 
with ice-blocks in an insulated box and stored at 4 ◦C, and the X-ray 
scattering experiments were performed on the third day. The simulated 
milk ultrafiltrate (SMUF) solution was freshly prepared as described by 
Spanos et al. (2007) and all chemicals used were of analytical grade and 
obtained from Sigma Chemical Co. (St. Louis, MO) or BDH Chemicals 
(BDH Ltd., Poole, England). 
2.2. High-pressure X-ray scattering experiments 
The X-ray experiments were carried out at Diamond Light Source 
(Didcot, UK) on beamline I22. The synchrotron X-ray beam was tuned to 
a wavelength of 0.69 Å. The distance between the sample and detector 
was set at 9.84 m and the diffraction patterns were recorded on a Pilatus 
2 M detector, which results in a q-range from 2.24 × 10-3 to 0.258 Å− 1. 
Approximately 20 μL sample was loaded into a polycarbonate capillary 
(Makrolon 3158–550115, transparent, Precision Extrusion, New York, 
US) with a diameter of 2 mm and wall thickness of 0.05 mm. The 
capillary was plugged with rubber tubing and sealed with a nondrying, 
nonshrinking Araldite glue sealing compound (Cristaseal, Hawksley, 
Sussex, UK) waiting at 4 ◦C for ~ 2 h to let the wax solidify. Samples 
were inserted in a custom-built sample holder, mounted in the HP cell 
and subjected to various HP treatments (HP process 1–3, as shown in 
Fig. 1) at 200 or 400 MPa and 25, 40 or 60 ◦C. 
The details of the sample holder and pressure cell used have been 
described previously by Brooks et al. (2010) and ramping to the desired 
pressure takes less than 15 ms with pressure oscillations of approxi-
mately ± 15 MPa. Scattering data were collected for milk before, during 
and after pressurization. Thus, for HP process 1 six scattering data points 
(P0-P5) were collected to track the milk scattering pattern variations 
before, under and after HP treatment. HP process 2 with 7 data collec-
tion points was only performed at 200 MPa to study the effects of HP 
treatment time and HP process 3 was designed as a two-cycle treatment 
having 7 data collection points but same total treatment time as HP 
process 1, to compare the effect of repeated HP treatment on the milk 
structure. 
2.3. SAXS data reduction and analysis 
The raw data were re-binned logarithmically using WillItRebin 
(Pedersen, Arleth, & Mortensen, 2013) executed under Python 3.8.3 
with the logarithmic rebinning coefficient set as 1.04 to reduce the raw 
SAXS data points from 1603 to 107 points speeding up the fitting pro-
cedure. The milk SAXS data was background subtracted with the SMUF 
solution scattering pattern at 25 ◦C under ambient pressure normalized 
to the high-q scattering. 
For the data analysis, we followed the recent paper of Ingham et al. 
(2016), where a detailed review of model-dependent fitting of SAXS 
from bovine skimmed milk was given. In the modelling, the starting 
point is the general equation for the scattering intensity per unit volume 
of a two-phase system: 
I(q) = Δρ2npV2p Pp(q)S(q) (1)  
where Δρ2, np, Vp and Pp(q) are the contrast, number, volume and form 
factor of the particle in question, respectively; q is the length of the 
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scattering vector, and finally S(q) is the structure factor describing any 
interactions between particles. For a dilute system S(q) = 1. 
The final model expression contains four contributions manifested 
on different length scales as outlined in Ingham et al. (2016) and illus-
trated in Fig. 2: (i) Population 1 (pop 1)—the overall casein micelles 
around 100 nm in size, (ii) Population 2 (pop 2)—internal water- 
separated micellar regions approximately 20 nm in size, (iii) 
Population 3 (pop 3)—protein structures which are inhomogeneous on a 
1–3 nm length scale, and (iv) CCP particles 2–3 nm in size showing a 
correlation peak around q = 0.035 Å− 1 (referred respectively as pop 4). 
However, as mentioned above, the CCP signal is usually not visible in 
SAXS experiments and we only found it necessary to include this term 
for the data obtained at 60 ◦C. 
The overall micelles (pop 1), internal micellar regions (pop 2) and 
Fig. 1. Schematic of HP processes. The P# numbers indicate when SAXS data were recorded, e.g. at P0 the SAXS scattering of the sample before HP treatment was 
recorded, P1, when the pressure reached the given value (200 MPa or 400 MPa), P2 after a given time at selected pressure, etc. 
Fig. 2. Graphic representation of the four contributions of the model at different length scales, based on Ingham et al. (2016), representing: the overall casein 
micelles around 100 nm in size (pop 1); the internal water-separated micellar regions approximately 20 nm in size (pop 2); the protein structures which are 
inhomogeneous on a 1–3 nm length scale (pop 3); and CCP particles 2–3 nm in size (pop 4). 
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where σ is the variance and R0 is the geometric mean of the log-normal 
distribution; V(R) is the sphere volume and R is radius of the spheres. 
The modelling of the small length scale protein scattering contribution 
(pop 3) follows Sørensen, Pedersen, Mortensen, and Ipsen (2013) using a 
modified Debye-Büche term. 








where ξ is a correlation length and σDB is a measure of the surface 
roughness. Both the CCP particle and the last protein contributions have 
an associated hard-sphere structure factor controlled by two parameters, 
an interaction radius RHS and the volume fraction η. However, unlike 
Ingham et al. (2016) we do not include polydispersity in the Debye- 
Büche term. Since the scattering data are not obtained on an absolute 
intensity scale, each contribution to the final model intensity is scaled by 
a constant ci, i = 1,2,3,4. Assuming unchanged contrast of the incom-
pressible water phase during pressure treatments, these constants 
become qualitative indicators for an increasing or decreasing number of 
particles of any particular contribution to the overall scattering. 
The fitting procedures were performed using MATLAB ® R2018b 
(Mathworks, Inc., Matick, MA, USA) code, which at present does not 
evaluate deviations of the parameters internally. Independent fits to 
replicate samples revealed standard deviations (SD) < 1%. However, 
Table 1 
Parameters of pop3 from the fit of the SAXS data upon different HP processes of 200 MPa or 400 MPa treatments at 25 ◦C, for characterizing the properties of “protein 
inhomogeneities”.  
Data collection points Scale factor (c3) 
[×104] 
Correlation length (ξ3) 
[nm] 




Interaction radius (RHS3) 
[nm] 
HP Process 1 at 200 
MPa 
Point 0 5.35 1.59 5.46 0.107 3.32 
Point 1 
(HP) 
3.59 1.72 5.22 0.096 3.83 
Point 2 
(HP) 
2.61 1.81 4.33 0.067 3.97 
Point 3 4.19 1.39 5.89 0.085 3.38 
Point 4 7.06 1.98 4.45 0.119 3.28 
Point 5 7.96 2.11 5.04 0.127 3.21 
HP Process 1 at 400 
MPa 
Point 0 6.63 1.61 5.38 0.088 3.24 
Point 1 
(HP) 
2.22 1.67 5.04 0.109 10.92 
Point 2 
(HP) 
1.92 1.72 4.80 0.165 13.57 
Point 3 5.71 1.44 6.16 0.047 3.42 
Point 4 5.18 1.17 6.37 0.091 3.83 
Point 5 5.42 1.21 6.14 0.089 3.79 
HP Process 2 at 200 
MPa 
Point 0 4.70 1.57 5.62 0.107 3.25 
Point 1 
(HP) 
3.52 1.79 5.17 0.097 3.78 
Point 2 
(HP) 
2.08 1.85 3.41 0.079 4.10 
Point 3 
(HP) 
1.73 1.73 4.18 0.076 3.99 
Point 4 3.86 1.62 4.28 0.093 3.24 
Point 5 6.15 2.10 4.52 0.118 3.11 
Point 6 6.89 2.21 4.91 0.125 3.05 
HP Process 3 at 200 
MPa 
Point 0 4.34 1.24 6.22 0.100 3.46 
Point 1 
(HP) 
4.30 1.89 4.30 0.095 3.79 
Point 2 
(HP) 
3.32 2.01 4.12 0.056 3.76 
Point 3 3.90 1.31 6.22 0.083 3.44 
Point 4 
(HP) 
3.08 1.84 5.02 0.057 3.75 
Point 5 
(HP) 
2.34 1.61 5.06 0.061 3.97 
Point 6 3.82 1.32 6.02 0.080 3.47 
HP Process 3 at 400 
MPa 
Point 0 7.92 1.78 5.27 0.085 3.19 
Point 1 
(HP) 
2.61 1.79 5.05 0.139 11.24 
Point 2 
(HP) 
1.92 1.71 4.86 0.143 12.43 
Point 3 10.08 2.43 5.25 0.073 3.37 
Point 4 
(HP) 
2.13 1.86 4.72 0.137 12.39 
Point 5 
(HP) 
2.05 1.80 4.68 0.128 12.59 
Point 6 10.93 2.62 5.07 0.076 3.4  
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given the complexity of the system and the general resolution of SAXS 
we estimate the SD to be < 10% on the fitted parameters listed in tables 
1 and 2 (Larsen, Arleth, & Hansen, 2018). 
3. Results and discussion 
3.1. Effect of pressure on milk structure during HP treatment 
After background-subtraction, the skimmed milk SAXS data over a 
wide q-range during HP process 1 at 25 ◦C are shown in Fig. 3 (200 MPa) 
and Fig. 4 (400 MPa). In these processes, milk is held at 200 or 400 MPa 
for 5 min and the stability of the structure was followed after depres-
surization for up to 10 min. The data are presented in both log I(q)—log 
q and as log [q2∙I(q)]—log q (Kratky) plots and are generally consistent 
with SAXS patterns previously reported (Bouchoux et al., 2010; Ingham 
et al., 2016; Yang et al., 2018). Data were fitted well with the three- 
population model adapted from Ingham et al. (2016), as shown in 
Fig. 3 and Fig. 4. Comparing with the skimmed milk before HP (Fig. 3A), 
the scattering curves at low-q (around 0.2 Å− 1) gradually decreased in 
intensity indicating that the casein micelles have been dissociated under 
HP (Fig. 3B and C), leading to an increase of pop 2 (observed at inter-
mediate-q ~ 0.01 Å− 1) i.e. micellar regions approximately 20 nm in size. 
Meanwhile, the high-q feature (0.08–0.2 Å− 1) of pop 3 consisting of 
protein inhomogeneities becomes flatter under pressure, suggesting that 
this structural domain becomes more uniform at HP, which applies 
throughout this study. Also, releasing the pressure (Fig. 3D, E, F) and 
comparing with the Kratky plots of the milk before HP (Fig. 3A), we 
observe that changes on high-q region are reversible. At 400 MPa, 
similar trends are observed, but all changes are more pronounced 
(Fig. 4). The overall scattering intensities I(q) decreased even more 
when 400 MPa is applied (Fig. 4B, C) compared with non-pressurised 
milk (Fig. 4A) and 200 MPa (Fig. 3B, C). Under 400 MPa, the scat-
tering curve becomes almost linear in the full q-range. Additionally, the 
intermediate-q feature (at 0.02 Å− 1, pop 2) became more noticeable at 
400 MPa (Fig. 4C) as a consequence of dissociation of micelles from pop 
1 into smaller “submicelles” (pop 2). Previously, Yang et al. (2018) 
observed a noticeable increase in intensity at intermediate-q at pressure 
above 270 MPa, and disappearance of high-q features with the increased 
pressure, which is also observed in our results. 
Further analysis of the scattering curves show the appearance of 
isosbestic points in the scattering patterns, i.e. points which remain 
unchanged in intensity at a specific q-value (Tromp, Huppertz, & 
Kohlbrecher, 2015; Yang et al., 2018; Singh et al., 2020). An isosbestic 
point indicates the presence of structural features on either side of the 
point which remain largely unchanged in size but over time change their 
number ratio (Yang et al., 2018). We observe an isosbestic point at 200 
MPa at 0.032 Å− 1 which is similar to Yang et al. (2018) reporting 0.030 
Å− 1 and Singh et al. (2020) reporting 0.035 Å− 1, but the isosbestic point 
at 400 MPa is at 0.049 Å− 1 indicating a shift in size of the structural 
division of the colloidal units. Combining our results with these previous 
reports (Müller-Buschbaum et al., 2007; Ingham et al., 2016; Yang et al., 
2018), we confirm that the pop 2 represents small casein clusters, not 
only from the inhomogeneous internal structure of casein micelles, but 
also from individual “mini-micelles” without CCP connection, previ-
ously termed “submicelles” (Pessen, Kumosinski, & Farrell, 1989). 
Analyzing in more detail the parameters obtained from the model-
ling, the particle size distribution of micelles (pop 1) and submicelles 
(pop 2) are shown in Fig. 5 obtained from modelling the SAXS patterns 
of Figs. 3 and 4. It is generally accepted that casein micelles are poly-
disperse structures, with sizes ranging between 20 and 600 nm depen-
dent on the environmental conditions (Marchin et al., 2007). The fitting 
of our SAXS data of untreated milk show size distributions ranging from 
20 to 250 nm, well in agreement with expected values. As shown in 
Fig. 5A, when the pressure of 200 MPa is applied, both micelles and 
submicelles sizes are reduced. Especially the size distribution of pop 2 
was reduced from a broad range to a quite narrow one (right subplot of 
Fig. 5A). Meanwhile, the number of micelles and submicelles both 
decrease indicating some bound caseins have been released to the serum 
by HP. When holding the HP at 200 MPa for 5 min, the number of mi-
celles, pop 1 was significantly reduced and the number of pop 2 
increased. It seems the large micelles from pop 1 have been dissociated 
into smaller micelles (pop 2) which agrees with previous reports that 
when HP approaches 200 MPa solubilization of CCP and micelle disso-
ciation will occur (Olsen & Orlien, 2016). After depressurization and 
relaxation time at ambient pressure (point 3 to 5, in Fig. 5A), casein 
micelles sizes start to recover, leading to a slightly broader size distri-
bution than before HP treatment. Furthermore, the number of micelles 
(pop1) and the size distribution of pop 2 were only partially reversed 
after the pressure was released in line with previous studies Olsen and 
Orlien (2016) and Yang et al. (2018). It reveals that there were more 
“submicelles” re-associated after HP treatment at 200 MPa and 25 ◦C for 
5 min. 
At 400 MPa, the casein micelle size and number were more strongly 
reduced, and when 400 MPa was reached (point 1), changes in pop 1 and 
2 were immediately observed. After pressure releasing (point 3–5, 
Fig. 5B), the casein micelle and submicelles size distribution were not 
reverted within the time of our measurements. The number of large 
micelles almost reverted to the initial level, but the number of sub-
micelles (pop 2) was clearly higher than before HP treatment. These 
results indicated that 400 MPa hinders the disrupted micelles to reor-
ganize fully back to large micelles, which is presumably due to casein 
micelles associated with denatured β-Lg (Huppertz et al., 2002). Besides, 
it also revealed that the sudden depressurisation from 400 MPa splits the 
internal micellar regions (or submicelles) into a smaller size. 
Table 2 
Parameters from the fit of SAXS data upon HP Process 1 treatments under 200 MPa at 40 and 60 ◦C for characterizing the properties of protein inhomogeneities (pop 3) 
and CCP (pop 4).  









P3 P4 P5 
Pop 3: 
protein 
Scale factor (c3) [×104] 4.60 3.20 2.34 4.33 6.97 6.91 4.65 2.97 2.61 4.08 4.49 4.40 
Correlation length (ξ3) [nm] 1.27 1.38 1.41 1.29 1.82 1.77 1.23 1.19 1.20 1.08 1.10 1.05 
Surface roughness (σDB) [Å] 6.05 5.82 4.81 6.20 5.22 5.42 5.69 5.55 5.40 6.38 6.39 6.47 
Volume fraction (η3) 0.101 0.096 0.096 0.100 0.102 0.102 0.116 0.070 0.136 0.127 0.128 0.127 
Interaction radius (RHS3) [nm] 3.38 3.87 3.99 3.41 3.23 3.21 3.18 3.60 3.64 3.48 3.46 3.47 
Pop 4: 
CCP 
Scale contrast (c4) [×104] – – – – – – 6.87 6.55 4.25 5.90 6.42 7.09 
Volume fraction (η4) – – – – – – 0.186 0.086 0.163 0.179 0.170 0.192 
Interaction radius (RHS4) [nm] – – – – – – 7.71 8.79 12.52 7.23 7.28 7.39 
1 Particle radius (ξ4) [nm] – – – – – – 4.15 3.37 4.62 4.58 4.58 4.50 
R4 – – – – – – 41.25 33.52 46.00 45.55 45.54 44.74 
σ4 – – – – – – 0.016 0.027 0.014 0.020 0.018 0.020  
1 Particle radius of CCP was the maximum of particle size distribution defined by both of R4 and σ4 parameters as Size distrubution = exp (log (R4) - σ42). 
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Limited studies are available regarding the “protein inhomogen-
eties”, and we hypothesize they represent for example, whey protein 
aggregates, casein aggregates or casein-whey protein aggregates prob-
ably some mediated by calcium. The fitting of pop 3, with length scales 
between 1 and 3 nm, generates several parameters that provide more 
detailed structural information about this population named “protein 
inhomogeneties” (in Table 1). The scaling factor c3 can roughly reflect 
the number of “protein inhomogenities” (protein aggregates). Correla-
tion length ξ3 of scatterers accounts for the scattering from protein 
strands, roughly reflecting the scatterers size. The parameter σDB is a 
measure of the roughness of pop3, denoting the surface fractal char-
acter. The interaction radius RHS3 is the radius between two scatterers 
reflecting the particle interaction distance. The volume fraction of η3 
reflects the interaction strength (e.g. the noncovalent hydrophobic, 
electrostatic interactions and hydrogen bonds) between scattering par-
ticles. Although, careful interpretation is needed because many param-
eters are fitted at same time and therefore the model in this region might 
be slightly over-parametrized, by tracking the alteration of these pa-
rameters, some nanostructural changes in this region caused by HP are 
characterizable. We will pursue at more comprehensive understanding 
of changes on this length scale in future work. 
3.2. Effect of holding time on milk structure dynamics during HP 
treatments at 200 MPa 
The total holding time of HP treatment at 200 Ma was prolonged to 
10 min to understand the consequences of time at a given pressure on 
structure changes at low pressures. Comparing with the scattering 
curves in which HP was held for 5 min (Fig. 3), the high-q feature 
(around 0.1 Å− 1, pop 3) in HP process 2 held for 10 min became flatter 
and after releasing the pressure the intermediate-q feature around 0.01 
Å− 1, pop 2, became more prominent. The parameters of the model fitted 
to the three populations are shown in Fig. 6 and Table 1. The structural 
differences between 5 min and 10 min is a more pronounced micelle 
disruption at 10 min leading to smaller micelle size (Fig. 6A). However, 
the overall size distribution of the micelles was broader and some larger 
size micelles were formed under HP (point 3). Thus, holding the HP for 
10 min at 200 MPa may allow the disrupted small sized micelles to re- 
aggregate again to form some larger micelles. After releasing the pres-
sure, both the micelles and submicelles were disrupted again into 
smaller sizes with a much narrower size distribution, and they did not 
revert any more throughout the relaxation time of 10 min at atmo-
spheric pressure. This differs from HP processing for 5 min where both 
the size of micelle and submicelle could partially recover after releasing 
pressure, and HP processing for 5 min even induced some micelle ag-
gregation when milk was under atmospheric pressure (Fig. 5A point 5). 
Previous results by in situ turbidimetry have shown that the casein mi-
celles would dissociate at initial 10 min of HP treatment (50–500 MPa), 
but under pressure of 250–300 MPa for times longer than 10 min the 
dissociated submicelles would re-associate again into micelles with even 
larger size than before HP treatment (Orlien, Knudsen, Colon, & Skibs-
ted, 2006). This is in line with what we observed with HP process 1 and 2 
at 200 MPa. 
Although after HP treatment at 200 MPa for 10 min led a comparable 
Fig. 3. Scattering curves from skimmed milk at 200 MPa at 25 ◦C upon HP process 1 fitted with three populations in both log–log (left) and Kratky (right) plots; (A) 
at P0 (before HP), (B) at P1 (immediately after reaching 200 MPa); (C) at P2 (after 5 min at 200 MPa); (D) at P3 (immediately after depressurization); (E) at P4 (5 min 
after depressurization); (F) at P5 (10 min after depressurization). 
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decreasing of pop 1 and pop 2 with treatment at 400 Ma for 5 min, for 
the dynamics of the pop 3 structure change in samples 200 MPa treated 
for 10 min is completely consistent with 5 min. The structural changes in 
this region are more pressure-dependent than time dependent, as at 400 
MPa we observed irreversible changes in pop 3 that are not observed 
with the increase of time at 200 MPa. 
3.3. Effect of temperature on milk structure dynamics during HP 
treatment at 200 MPa 
The SAXS scattering curves for HP process 1 (200 MPa; 5 min) were 
compared at 20, 40 and 60 ◦C. At 40 ◦C scattering curves were well fitted 
with the three populations (pop 1, pop 2 and pop 3), but the scattering 
curves at 60 ◦C required the fourth population (pop 4). As shown in 
Fig. 7, a new scattering feature around 0.035 Å that arises from the CCP 
scattering (Ingham et al., 2015; 2016) was observed at 60 ◦C already in 
the milk before starting the HP process but disappeared when the HP 
was applied. Previous studies reported that increasing temperature fa-
cilitates the CCP formation (Aoki, Umeda, & Kako, 1990; Liu, Weeks, 
Dunstan, & Martin, 2013) as calcium phosphate solubility decreases 
with increasing temperature (On-Nom, Grandison, & Lewis, 2010), but 
increases with pressure increase (Schrader, Buchheim, & Morr, 1997; 
Huppertz et al., 2002). The fitted results and parameter details are 
shown in Table 2 and Fig. 8. Compared to at 25 ◦C, the casein micelle 
size at 40 ◦C was less reduced by HP treatment and the size did not revert 
after releasing the pressure. Notably, the number of micelles after HP 
treatment at 40 ◦C increased whilst at 25 ◦C the number tended to 
decrease. However, the size of pop 2 for casein clusters at 40 ◦C was 
reduced under HP, but reverted to a broader size distribution after 
releasing the pressure. HP treatment at 40 ◦C led more soluble caseins 
associating/assembling to clusters, which might be ascribed to the 
increasing strength of hydrophobic bonds at higher temperature (Moitzi, 
Portnaya, Glatter, Ramon, & Danino, 2008; Beliciu & Moraru, 2009), 
and they are more easily associated with other whey proteins hindering 
the submicelles aggregation and micelle reformation. At 60 ◦C, the mi-
celles and submicelle dynamics is completely different. HP treatment 
increased the casein micelle size and its size did not shrink back after 
releasing pressure (Fig. 8B). Dalgleish, Pouliot, and Paquin (1987) 
studied the effect of heat treatment of milk on casein micelle size, and 
were able to show effectively that micelle size increased because of 
aggregation of κ-casein and serum proteins in agreement with our 
observation. Meanwhile the number of submicelles after HP treatment at 
60 ◦C appears effectively constant although shrinking irreversibly in 
size, unlike the number of pop 2 at 25 and 40 ◦C, which returned to the 
original size. 
As shown in Table 2, the variation of most fitted parameters for pop 3 
at 40 ◦C was similar to those at 25 ◦C but the volume fraction (η3) related 
with the interaction strength of pop 3 was not lowered after HP holding 
for 5 min. It indicates that the temperature also affects on pop 3 in-
teractions under HP. At 60 ◦C, the scattering features at high-q 
(0.08–0.2 Å− 1) were separated into two populations, “protein in-
homogeneities” (pop 3) and CCP (pop 4). As mentioned, the scattering 
feature of CCP at q = 0.035 Å− 1 is normally not observed by SAXS 
(Ingham et al., 2016), but is commonly seen in small-angle neutron 
Fig. 4. Scattering curves from skimmed milk under 400 MPa at 25 ◦C upon HP process 1 fitted with three populations in both log–log (left) and Kratky (right) plots. 
(A) at P0 (before HP), (B) at P1 (immediately after reaching 400 MPa); (C) at P2 (after 5 min at 400 MPa); (D) at P3 (immediately after depressurization); (E) at P4 (5 
min after depressurization); (F) at P5 (10 min after depressurization). 
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scattering (SANS) patterns (Hansen et al., 1996; Holt, de Kruif, Tuinier, 
& Timmins, 2003; Singh et al., 2020). In these studies, the radius of the 
CCP nanoclusters has been reported to be approx. 2–3 nm (Schrader 
et al., 1997; Ingham et al., 2016), although Singh et al. (2020) reported a 
radius of ~6 nm from SANS. In our study, the fitting results showed that 
CCP radius before HP processing was 4 nm, after reaching 200 MPa: 3 
nm, after 5 min at 200 MPa: 5 nm and 4 nm after releasing the pressure. 
The values are within the range expected and give an idea of the CCP 
size dynamic evolution under HP treatment, confirming previous results 
suggesting that the HP-induced partial dissolution of CCP nanoclusters is 
reversible (Huppertz et al., 2002; Yang et al., 2018). Comparing the 
SAXS curves (Fig. 7), after HP treatment the CCP scattering feature is 
more prominent, and the CCP size also increased (Table 2) indicating the 
200 MPa of HP treatment at 60 ◦C promoted the CCP formation, which 
could partly account for the casein micelle size increasing at 60 ◦C. 
The dynamics of characteristic parameters of CCP (η4 and RHS4) were 
Fig. 5. Particle size distribution of population 1 (left) and population 2 (right) at different SAXS data collection points upon HP process 1 at 200 MPa (A) and 400 
MPa (B) at 25 ◦C. Inserts are the parameter c1 and c2 reflecting number of scattering units of that population. 
Fig. 6. Particle size distribution of population 1 (left) and population 2 (right) during HP process 2 at 200 MPa at 25 ◦C. Inserts are the parameter c1 and c2 reflecting 
number of scattering units of that population. 
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consistent with protein inhomogeneities (Table 2). The number of 
scatterers, reflected by c3 and c4 variations were also similar at 25 and 
40 ◦C, being lower under HP and reverting after HP treatment. However, 
the rest of the fitted parameters for protein inhomogeneities at 60 ◦C 
differ from 25 and 40 ◦C. Firstly, the protein particle correlation length 
ξ3 decreases under HP and further decreases after HP processing. We 
speculate that the higher temperature of 60 ◦C combined with HP of 200 
MPa disrupted the internal structure of protein inhomogeneities and the 
increasing hydrophobicity promote protein interactions. Secondly, 
although the protein surface roughness σDB decreases under HP, simi-
larly to 25 and 40 ◦C, but after releasing the HP it increased, which was 
also observed at 400 MPa. Thirdly, the volume fraction η3 reversibly 
became higher after HP was held for 5 min and after despressurisation η3 
increase was subtle, not like 200 MPa at 25 ◦C where an obvious increase 
after HP processing was observed. 
In conclusion, increasing temperature during HP process at 200 MPa 
tends to facilitate casein protein association, but has more severe effects 
on “protein inhomogeneities” within the casein structure, leading to 
similar effects observed for milk pressurized at 400 MPa, at 25 ◦C, e.g. 
compressed protein particles (aggregation) causing the correlation 
length to decrease and increase protein surface roughness. 
3.4. Effect of cycled treatment on milk structure dynamics 
Previously, Yang et al. (2020) found differences in the physico-
chemical properties of milk under cycled HP treatment in comparison to 
continuous HP treatment. Based on this work, we designed HP process 3 
with a two cycle HP processing (2 × 2.5 min) instead of continuous HP 
processing for 5 min as in HP process 1. HP process 3 included a 
depressurization after 2.5 min and then re-pressurisation and a final 2.5 
min HP treatment. 
As shown in Table 1 and Fig. 9A, at 200 MPa the variations of these 
characteristic parameters for micelle size, submicelle size and protein 
structure were consistent with previous observations in HP process 1. 
Besides the size of pop 1 and 2, the fitted parameters for characterization 
of milk structure almost revert to the initial values after HP processing 
holding for 2.5 min at point 3. However, when the second cycle was 
applied the results differ from the first cycle. The first cycle of HP pro-
cessing for 2.5 min caused effects that were not completely recovered 
before the second pressurization was applied. At the end of the process 
the number and size of micelles and submicelles variations are less 
changed than continuous HP processing. For example when releasing 
the pressure in the continuous process, the number of micelles was lower 
than before HP treatment while it was slightly higher than before HP 
treatment at the pressure releasing points (point 3 and 6) in cycled HP. 
When HP was held for a total of 5 min (point 2 in HP process1 and point 
5 in HP process 3), the number of submicelles increased less and the size 
of micelle and submicelle decreased to less extent in HP process 3. This 
might be due to the cycled HP processing giving casein clusters a short 
break to re-associate and re-assemble. 
The milk structure dynamics during HP process 3 at 400 MPa was 
almost similar with HP Process 1 at 400 MPa. Comparing the values at 
final depressurization of the milk (point 3 in HP process 1 and point 6 in 
HP process 3), we can see that at 400 MPa cycled HP treatment the 
Fig. 7. Scattering curves from skimmed milk under 200 MPa at 60 ◦C during HP process 1 fitted with four populations in both log–log (left) and Kratky (right) plots. 
(A) at P0 (before HP), (B) at P1 (immediately after reaching 200 MPa); (C) at P2 (after 5 min at 200 MPa); (D) at P3 (immediately after depressurization); (E) at P4 (5 
min after depressurization); (F) at P5 (10 min after depressurization). 
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reduction in the casein and submicelle size were more reversible than in 
the continuous HP processing. In the cycled process, the micelles that 
have been dissociated into smaller size did not revert after releasing 
pressure, but the micelle size reverses more after the second cycle (point 
6 in Fig. 9B). Previously, it was also found the casein micelle size to be 
slightly larger after a two-cycle HP treatment (2 × 2.5 min) than a 
continued HP treatment (1 × 5 min) at 600 MPa by light scattering 
measurement (Yang et al., 2020). In the case of pop 2, the size of sub-
micelles recovered but was still below the initial level of continuous HP 
processing (Fig. 4B). Moreover, we also observed that the correlation 
length ξ3 was abnormally higher at the pressure releasing points (point 3 
and 6) in HP process 3, this was only found at higher pressure and lower 
temperature (400 MPa at 25 ◦C). During HP treatment tests, we found 
that the depressurisation process may cause milk volume expansion 
which may explain the large ξ3 value. This might be due to the water 
molecules being forced into the proteins by pressure (Cadesky, 
Walkling-Ribeiro, Kriner, Karwe, & Moraru, 2017) at lower tempera-
ture, and a fast depressurisation caused expansion of the protein struc-
ture due to hydration. Releasing the pressure step-by-step might avoid 
this phenomenon. Nevertheless, cycled HP processing has effects on the 
submicelles and micelles, allowing casein re-association thus decreasing 
the total HP effects on their size. 
4. Conclusions 
This study demonstrates the potential use of synchrotron SAXS 
coupled with HP to examine in situ the structural dynamics of milk 
during different HP treatments. The model proposed by Ingham et al. 
(2016) showed to be adequate to describe the data using three contri-
butions on different length scales. The data analysis provides insight on 
changes in casein micelles and their internal structure. Our results show 
that the hierarchical structure of milk at various length scales is affected 
by pressure, time, temperature and repeated pressurisation (cycles) 
during HP treatments, and that some changes are partially reversible or 
irreversible after the pressure is released. The results confirm that 
increased pressure caused solubilization of CCP and dissociation of 
casein micelles into smaller sized casein clusters, and also showed 
modification of nanoscale protein inhomogeneties (pop 3, 1–3 nm 
length). Temperature during the HP process has a major effect on the 
nanostructure of milk. Below 40 ◦C the scattering curves were well fitted 
with the three populations (pop 1, pop 2 and pop 3), while at 60 ◦C a 
fourth population (pop 4) representing CCP was required. The temper-
ature increase to 60 ◦C at 200 MPa facilitated casein protein association, 
but has more severe effects on “protein inhomogeneities” within the 
casein structure, leading to similar effects observed for milk pressurized 
at 400 MPa. Under HP, the increasing of process time induced re- 
aggregation of micelles that was not observed for shorter process 
times, however, changes in protein nanostructures were more pressure- 
dependent than time dependent. Furthermore, our results showed that 
casein micelles and the structure of micellar internal regions are more 
reversibly re-associated after cycled treatment, which has implications 
for the physical properties of milk. 
Fig. 8. Particle size distribution of population 1 (left) and population 2 (right) at different SAXS data collection points during HP process 1 under 200 MPa at 40 ◦C 
(A) and 60 ◦C (B). Inserts are the parameter c1 and c2 reflecting number of scattering units of that population. 
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